Quantum Mechanics and Reality are Really Local 
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We attempt to pull together various lines of research whose ultimate conclusion points to the actual 
"locality" of Quantum Mechanics (QM). We note that just as John Bell discovered various errors 
in previous "proofs" of the completeness of QM, he made an error of his own in deriving the "non- 
locality" of QM. We show that QM satisfies the correct locality bound for non-commuting variables 
- and is therefore local for 2 or more particles. We further show that the entangled wavefunctions 
that produce non-local de-Broglie-Bohm guidance equations are an artifact of First Quantization, 
and that the wavefunctions describing such experiments do factorize in Second Quantization (QED). 

PACS numbers: 03.65.-w, 03.65.Ud 



INTRODUCTION 

Ever since the publication of John Bell's landmark pa- 
pers on hidden variable theories and Quantum Mechan- 
ics P, |3l and his proof that local realistic hidden vari- 
able theories must satisfy an inequality which Quantum 
Mechanics and experiment violate, it has been claimed 
that QM and reality are non-local. Nonetheless, it has 
also been shown that this non-locality does not allow 
faster than light communication nor any other violations 
of Special Relativity 0, 01 ■ Given this duck that does 
not waddle like a duck, nor quack like a duck, Occam's 
Razor suggests that maybe it's not a nonlocal duck. 



ANOTHER BELL LOOPHOLE 

Various authors [ElESUl have proposed "local" mod- 
els that exploit one of the known loopholes in Bell's The- 
orem - either they assume unfair sampling or detector 
inefficiencies to discard certain events, or they require the 
2 detectors of the experiment to be causally connected. 
We now ask what loophole Quantum Mechanics uses, if 
it is local, in order to evade Bell's inequality. 

A few detailed examinations of the derivation of Bell's 
inequality 0,0,0] have found that at some point, the 
derivation assumes that certain measurement operators 
commute. Rizzijlfll] has provided a paedogogical review 
of the error - the implicit assumption of simultaneous 
measurements of a single particle's spin along different 
axes - in the original Bell inequality; De Baere et al. \vi\ 
have provided a more philosophical review of the assump- 
tions of counter-factual reasoning that went into such 
proofs, as well as a demonstration that the process of 
constructing a Bell parameter relies on a particular op- 
erator identity that includes commutation relations. 

If the Bell/CHSHlij parameter is defined by the linear 
combination of experimental averages. 



then quantum mechanics allows it to also be represented 
by the expectation value of a multi-term measurement 
operator as well. 
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If Alice's A operators commute with Bob's B operators 
(the locality condition), then the square of the Bell "op- 
erator" satisfies the following identity: 



i^AB + A'B + AB' - A'B'j = 4/ - [A, A'] [B, B'] , 

where = A' ~ B^ ~ B' — /, given that the mea- 
surement operators have eigenvalues ±1. 

For spin ^ particles, the measurement operators have 
the form A = a-(T, where the a are the Pauli spin matrices 
{oiUj = ieijkCTk , af — 1) and the are the direction 
cosines describing the Stern-Gerlach magnet orientation 
in the z — y plane if the particles travel along the ±x-axis. 
In this case, [A, A'] = 2iax sin(a — a'). Since both Stern- 
Gerlach magnets' axes are switched by 90° 0,0,0], the 
sines are unity and the Bell parameter bound is given by 
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Ssell < 2\/2. 



For spin 1 photons, the operation of a polaroid filter 
or polarizing beam splitter aligned at an angle 9 can be 
written as a projection operator: 



P{e)e = e , e 
P{0) - 
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We convert the projection operator with eigenvalues (0,1) 
into a measurement operator with eigenvalues (-1,1) via. 



Sb!^ ^ {AB) 



{A'B) + {AB') - {A'B') 



(1) 



A{9) = 2P{9) - 1 
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A can be recast into a form nearly identical to that for 
spin i, 



A{Q) = cos 26* 



1 

-1 



sin IB 



1 
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resulting in a Bell parameter for photons with the bound 
\Sl^u\ < 4 - (2i(T^)2sin2(a - a')sm2{f3 - (3'). Since 
photon polarizer angles are varied by multiples of 45° 0, 
Il6| . the sines are again unity, and SbcU < 2-\/2- 



GHZ states 

The analog to singlet spin states of 2 fermions is the 
Greenberger-Hornc-Zeilingcr state of three or more parti- 
cles, ^ = Tf^l^"' ■ ■ • • ^))' for which Mermin [l^ 
has defined a parameter similar to Bell's: 



F 
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d\p{X)- [^U^A, + zAr) - n^^Mj - ^A^)] -(4) 



Note that it is again implicitly assumed that both A and 
A not only exist but can be measured at the same time 
for the same hidden variable. The algebra for three par- 
ticles yields the following identity for the square of the F 
operator 

{F:,f =4/ -[Ai,A;][A2,A'2]-[A2,Ai][A3,^^] 
-[A,,A,][A,,A,] 
= 41 -3 {2ia^ sm{aj - a'^)f < 16/ , 
^iFal < 4=2^-1, 

in agreement with Mermin's quantum result, |_F!„| < 2"^^ 
and violating his "locality" bound, < 2. Three 

particles states are just as local and non-commutative as 
two particle states. 

The implicit assumption of the ability to simultane- 
ously measure spin eigenvalues along two different axes 
means that Bell's and Mermin's claim of a locality bound 
is actually a commutativity constraint. It is commuta- 
tive hidden variable theories that are precluded by ex- 
periment. 



starting position Xq, the particle follows a trajectory with 
a local velocity given by 



[x,H]'tp{x,t) _ ihWip{x,t) 
ip{x,t) m Tp{x,t) 



v{x, t) 



(5) 



where the velocities (forces) are locally mediated by the 
wavefunction. Schrodinger's wavefunction can instanta- 
neously transmit information about the boundary con- 
ditions to the particle, but by using a relativistic wave- 
function (Dirac's or Klein-Gordon's) one can include re- 
tardation effects and eliminate this type of non-locality. 

In typical EPR experiments, the two experimental par- 
ticles are written in an "entangled" state. 



1 



* = ^(V(xi)0(f2) ± tp{x2)<p{xi)) 

and the dBB prescription results in 



(6) 



Vl 



in Vi^{xi,X2) 
m '^(xi,X2) 



Vl{xi,X2) ^ Vl{xi) 



This dependence of one particle's velocity on another 
particle's instantaneous position really requires spooky 
action at a distance, and persists even with relativistic 
wavefunctions. (Had the wavefunction factored, ^ = 
'0(xi)(/)(x2), then each velocity would have been local 
function of its coordinates.) 

Given that an entangled wavefunction implies non- 
local forces, the question we have to ask is whether such 
wavefunctions actually exist. Or, just because we can 
write an entangled wavefunction (equationEl , do we have 
to write it that way? 

We shall see that such entangled expressions are com- 
mon in the context of first quantization, but in the con- 
text of second quantization (QED), wavefunctions actu- 
ally take on product forms, and "entanglement" is sub- 
sumed in the measurement operator instead of the wave- 
function. 



The Second Quantized Wavefunction 



ENTANGLEMENT AND NON-LOCAL FORCES 

There is a second kind of non-locality that occurs in the 
de Broglie-Bohm (dBB) interpretation of multi-particle 
quantum mechanics, and which has been used to both re- 
ject that interpretation and simultaneously confirm QM's 
non- locality (dBB is a non- commutative hidden variable 
theory). 

For a single particle, dBB assume that there is a hid- 
den variable, position, for a particle moving with a non- 
hidden momentum. Given a wavefunction, that is a 
solution to Schrodinger's equation, and given a (hidden) 



In one EPR experiment |l5| that is atypical only in 
the level of theoretical analysis presented by the authors, 
Ou and Mandel consider the two-particle wavefunction 
in the context of QED, 



~i{RyT,f'^\xiy{)+i{R,Tyf'^\x2y2) , (7) 



with T and R denoting a beam-splitter's transmission 
and reflection coefhcients for the indicated polarization, 
\xi) indicating an x-polarized photon heading toward de- 
tector 1, etc. They also use the polarized scalar field 
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operators corresponding to (coefficients of) e'' 



E[+^ + sin 9oE 



(+) 

i 

(+) 



(8) 



e\'^^ (X eyCLi , 



witli ei, unit vectors pointing in the direction of the po- 
larization and flp, photon destruction operators for signal 
or idler photons that satisfy [ai,a|] = 5ij. The probabil- 
ity of coincidence is related to the operator expectation 
value, 

which evaluates to the quantum mechanical probability 
of detection, 



K 



cos Oi sm 02 



{R^RyY^^ sin 6*1 cos 02 



and a Ri — Ti — we have the typical expression P cx 

sin^(0i + 62) while the expectation values that go into 
the Bell parameter take the form {AB) — cos2((?i + 62)- 
Note that the four-term expression in equation 13 can 
be factored into 



I*) = 



i\/Rx\x2) 



'Ty\y2) -ijRy\yi) 



,(9) 



a product form that will generate local dBB trajectories 
even though the (normalized) coincidence events violate 
the "locality" bound of Bell's inequality. 



Pre- and Post-Selection 



those points), all the photons fed to an experiment are 
"entangled" , vs. only half for Ou and Mandel. 

From the 2nd quantization point of view, the wavefunc- 
tion is still of a product form: ^E" = (t)x{ks)4>y(ki)5^ {ks + 
hi — Kq), where the delta- function ensures momentum 
conservation with the incident photon {e.g. an idler pho- 
ton emerging at 3 o'clock on its cone is paired with a 
signal photon at 9 o'clock on its cone, etc). The mea- 
surement operator "selects" the particular emergent an- 
gles out of each cone of possibilities; if the fiber-optic 
leads were to be shifted to say 12 o'clock on the one cone 
and 6 o'clock on the other cone, the measurement opera- 
tor would change but the wavefunction would remain the 
same. The "post-selection" of Ou and Mandel's method 
has merely been pushed earlier up the beam- line . 

Even the "entangled" two electron decay from a sin- 
glet state that Bohm and Aharonov '2^ analyzed should 
properly be written as a product in QED, since the wave- 
function is a product of two isotropically emitted elec- 
trons: 4" = tp+{ki)i{;-{k2)S{ki + fe); it is the detector's 
measurement operator that superposes the two possibil- 
ties analogous to equation |S1 



QED and Locality 

The ability to factor a multi-particle wavefunction into 
a product of functions of individual coordinates is re- 
quired to make Bohmian trajectories or guidance equa- 
tions manifestly local. The analysis of EPR experiments 
in the context of QED shows that the wavefunctions do 
factor into a product form with the "entanglement" con- 
tained in the measurement operators whose commutation 
rules determine what can be measured simultaneously. 
QED is local. 



An experiment that "post-selects" certain terms from 
a product-form wavefunction can allow local-realists to 
claim an efhciency loophole Kwait et al. de- 

vised an experimental method to use type-2 parametric 
down-converters to generate entangled photon beams di- 
rectly, rather than using unentangled type-1 beams in a 
beam-splitter to generate the 4 combinations of Ou and 
Mandel. Type-2 down-conversion creates a cone of sig- 
nal rays (say x-polarized) and a cone of idler rays (say 
y-polarized); depending on the orientation of the crystal, 
the two emerging cones can be completely disjoint, or 
they can intersect each other in one (tangential) or two 
points. Assuming two intersection points (say 7 and 11 
o'clock on the right-hand signal cone intersecting 5 and 
1 o'clock respectively on the left-hand idler cone), it is 
impossible to say which photon is which - first quanti- 
zation would say the wavefunction describing those pho- 
tons is entangled. Using only photons from those inter- 
section points (e.g. by aiming the fiber-optic leads at 



QED and Completeness 

It is in the context of QED that the de-Broglie-Bohm 
interpretation makes most sense: the wavefunction de- 
scribes a wave in an aether of zero-point oscillators of 
^ftw, the particle is a relatively compact region of space 

where the amplitude of the wavefunction is ^J^tujj, and 
the centroid of that region of space follows the dBB guid- 
ance equations, 

dt ~ p{^{x)) ' 

where j(V') = ^3((VV'''')V') - V'U^V') and /?(?/') = il^H- 
The wave-particle duality of first-quantization is re- 
solved into separate waves and particles in second- 
quantization at the same time the entangled wavefunc- 
tion of first-quantization becomes independent waves 
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with entangled measurement operators in second- 
quantization. In QED, one can think of the wavefunc- 
tions describing all the metaphysical possibilities open to 
the particle, while the pertinent combination of creation 
and destruction operators describes the cpistemological 
possibilities of a given experiment. 

With respect to the spin of a particle, dBB gives the 
guidance equation for the "hidden" components of spin 
analogously to the trajectory equation, El 



dt 



j,H]'iJj{x,t,s) 



oc ejkiBkSi , 



which means that as Alice's particle gets into the field 
of her Stern-Gerlach magnet, the two unmeasured com- 
ponents will start precessing, making it meaningless to 
ask what "value" they have while the third is being mea- 
sured. While Alice and Bob can each measure/infer two 
components of spin, each pair of components can only be 
considered to have been in a stationary state until one 
component was measured - once Alice begins measuring 
her y projection, the z projection inferred from Bob's 
measurement is obsolete, and vice versa. 



CONCLUSION 

We have shown that the Bell parameter is bounded by 
2\/2 when the non-commutativity of the measurement 
operators is taken into account. This means that the 
experiments that have claimed to show a non-local ef- 
fect arc only measuring a non-commutative effect and 
say nothing about the locality of quantum mechanics or 
reality. 

We have also shown that when these EPR experi- 
ments are analyzed in the context of second quantization 
(QED), the wave- functions factor into a product form, 
allowing the de Broglie-Bohm guidance equations to be 
derived in a manifestly local manner for multiple as well 
as single particles. With an equation of motion for all 
physical quantities - whether they commute or not - we 
have a complete interpretation of quantum mechanics. 

To draw an analogy with another realm of physics, hid- 
den variables are like quarks - you can't see or measure 
them directly, but their existence explains so many other 
things that to deny them is irrational. 



[9 

[lo; 

[11 
[12; 

[is: 

[14 

[is: 
[16: 

[17: 
[is: 

[19 



[20 
[21 



Electronic address: lmichael.r .ciover@sa ic.coml 

J. Bell, in Speakable and Unspeakable in Quantum Me- 
chanics (Cambridge University Press, 1993), pp. 1-13. 
J. Bell, in Speakable and Unspeakable m Quantum Me- 
chanics (Cambridge University Press, 1993), pp. 100- 
104. 

J. Bell, in Speakable and Unspeakable m Quantum Me- 
chanics (Cambridge University Press, 1993), pp. 52-66. 
P. Eberhard, Nuovo Cimento 46, 392 (1978). 
E. Santos, Phys. Rev. Lett. 66, 1338 (1991). 
N. Gisin and B. Gisin, A local hidden variable model 
of quantum correlation exploiting the dectection loophole 
(2002), quant-ph/9905018. 

C. H. Thompson, Found. Phys. Lett. 9, 357 (1996). 

M. Clover, The innsbruck epr experiment: A time- 
retarded local description of space-like separated correla- 
tions (2003), quant-ph/0304115v2. 

S. Braunstein, A. Mann, and M. Revzen, Phys. Rev. 
Lett. 68, 3259 (1992). 

A. Rizzi, The meaning of bell's theorem (2003), quant- 
ph/0310098vl. 

W. D. Baere, A. Mann, and M. Revzen, Found. Phys. 
29, 67 (1999). 

J. F. Clauser, M. A. Home, A. Shimony, and R. A. Holt, 
Phys. Rev. Lett. 23, 880 (1969). 

E. Fry, T. Walther, and S. Li, Phys. Rev. A 52, 4381 
(1995). 

Y. Hasegawa, R. Loldl, G. Badurek, M. Baron, and 
H. Ranch, Nature 425, 45 (2003). 

Z. Y. On and L. Mandel, Phys. Rev. Lett. 61, 50 (1988). 

G. Weihs, T. Jennewein, C. Simon, H. Weinfurter, and 

A. Zeilinger, Phys. Rev. Lett. 81, 5039 (1998). 

N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990). 

L. de Caro and A. Garuccio, Phys. Rev. A 50, R2803 

(1994) . 

P. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, 
A. Sergienko, and Y. Shih, Phys. Rev. Lett. 75, 4337 

(1995) . 

D. Bohm and Y. Aharonov, Phys. Rev. 108, 1070 (1957). 
The efficiency loophole could also be made here, since 
true probabilities require normalization by all down- 
converted photons in the cone(s), not just those emit- 
ted at the intersections. Such probabilities would satisfy 
Bell's original inequality [T^. Our purpose is not to show 
that non-localists have not plugged a loophole, but that 
the value of the limit they use is wrong. 



